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Adhesion and capillary-driven mass transport at ceramic–metal interfaces play a very important role in the performance and dura-
bility of materials for many applications, and the inﬂuence of the oxygen activity is a critical issue. This work systematically investigates
the variation of interfacial energies and atomic transport mechanisms at metal–oxide interfaces at very low oxygen activities by bonding
Ni–Al alloys and pure polycrystalline alumina under controlled conditions in sessile drop experiments. The angles and the evolution of
the grain boundary grooves were analyzed by scanning electron microscopy, atomic force microscopy and focused ion beam milling to
calculate the interfacial and grain boundary energies and the transport rates at the metal–Al2O3 interface. In parallel, high-resolution
structural and chemical analysis of selected grain boundaries was performed using advanced transmission electron microscopy. Our
results conﬁrm that all the interfacial energies (metal–Al2O3, Al2O3 surface and grain boundary energy) are smaller at reduced p(O2) than
those of stoichiometric interfaces. The atomic transport at the metal–Al2O3 interface was found to decrease initially with decreasing
p(O2) but increased signiﬁcantly with a further decrease in the oxygen activity.
 2013 The Authors. Acta Materialia Inc. Published by Elsevier Ltd.
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Adhesion and capillary-driven mass transport at cera-
mic–metal interfaces play a very important role in the per-
formance and durability of materials for many applications
from advanced composites to structural joints, microelec-
tronics, solid oxide fuel cells, refractories, thermal barrier
coatings, etc. However, there are still many open questions
regarding the parameters that determine the capillary evo-
lution of ceramic–metal interfaces. This is in part due to the
complexity of the experimental set-ups needed to collect the1359-6454  2013 The Authors. Acta Materialia Inc. Published by Elsevier L
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(N. Ni).high-quality experimental data required to guide and vali-
date theoretical analysis. In this respect, recent advances in
processing and characterization techniques have opened
new opportunities for the analysis of high-temperature
interfaces. This has resulted in novel approaches for the
description of interfacial structures, including the formula-
tion of the concept of “complexion” as the equilibrium
two-dimensional state of an interface [1–4].
The fundamental thermodynamic quantity that mea-
sures interfacial bonding is the work of adhesion Wad,
which equals the free energy change per unit area after
reversibly separating the interface to create two equili-
brated free surfaces. In the case of a metal–ceramic inter-
face we can write:
W ad ¼ cc þ cm  cmc0 ð1Þ
where cc is the ceramic–vapor interfacial energy or the cera-
mic surface energy, cm the metal surface energy and cmc thetd. Open access under CC BY license.
Fig. 1. Sketch illustrating the expected variation of the interfacial energies
in the Ni–Al2O3 system in the p(O2) compatibility range (where no
reaction is expected). Note that this is just illustrative to emphasize the
expected eﬀect of adsorption on the energies close to the limits of the
range. As the compatibility region is relatively narrow it has been
proposed that it is even possible that there is no plateau region for some of
the interfaces [23]. The points correspond to experimental data for the
surface tension of Ni, the low p(O2) values (circles) correspond to Ni–Al
alloys assuming ideal solution. Data are taken from Refs. [36,57,59,86–
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tems, the interfacial energies are often assessed by analyz-
ing the wetting between a liquid metal and a solid
ceramic substrate. The liquid metal forms a characteristic
contact angle h0 on the solid ceramic. Assuming that at
equilibrium the interface is ﬂat and coplanar with the sur-
face of the substrate, the Young equation can be used to
describe a balance of forces at the triple junction in a sim-
pliﬁed condition when the solid is perfectly rigid and insol-
uble, and the triple line can move only in the direction
parallel to the surface of the substrate (one-dimensional
approximation) [5,6]:
cm cos h0 ¼ cc  cmc: ð2Þ
Mass transport at surfaces and interfaces is often evalu-
ated by studying the evolution of grain boundary grooves
on polycrystalline materials [7–24]. A grain boundary
groove forms when a grain boundary intersects an interface
between the solid and another phase (liquid or vapor), in
order to equilibrate the interfacial forces at the triple junc-
tion (groove root). In an isotropic system this equilibrium
can be written as:
cgb ¼ 2cc cos
Øi
2
 
; ð3Þ
where cgb is the grain boundary energy, and Øi is the dihe-
dral angle at the grain boundary groove, and for the inter-
face between a polycrystalline ceramic and a metal cc can
be replaced with cmc.
The time evolution of the grain boundary width can be
related to the rate-controlling transport mechanism. When
grain boundary grooving is controlled by diﬀusion, the
groove exhibits a characteristic maximum (hump) on each
side, which would be absent if groove growth is controlled
by the interfacial reaction. The groove width will vary with
time as t1/3 for volume diﬀusion-controlled growth, t1/4 for
interface diﬀusion and t1/2 for interfacial reaction [25–27].
A metal–oxide system (M/NOz) is intrinsically a ternary
system where the oxygen activity is a fundamental variable
(e.g. Ni–Al2O3 is actually Ni–Al–O) [28]. For a non-reac-
tive metal–oxide couple, there is a compatibility range of
oxygen partial pressures, p(O2), in which the metal and
oxide phases can coexist in equilibrium (there is only one
p(O2) for a metal in equilibrium with its own oxide). The
lower boundary of the range is determined by the reduction
of the oxide (or the formation of intermetallics such as
NiAlx in the Ni–Al2O3 system) and the upper boundary
by the oxidation of the more stable metal (or the formation
of a mixed oxide, e.g. NiAl2O4). Within the compatibility
range, the interfacial energies in the metal–oxide system
are expected to depend on p(O2) as a result of various types
of adsorption. The eﬀect of oxygen activity on the equilib-
rium interfacial energies can be described using a variant of
the Gibbs equation [28]:
dc
dlnpðO2Þ ¼ 
kT
2
 
CO  2z CN
 
; ð4Þwhere Ci refers to the excess amount of each species per
unit area of interface (the interface was placed such that
CM = 0). This equation takes into account that in the pres-
ence of the oxide NOz the activities of O (aO) and N (aN)
are related:
a0azN ¼ KðT Þ: ð5Þ
As a result, the diﬀerence between CO and CN dictates
the change of c with p(O2). Following this formulation
and experimental data on contact angles and liquid metal
surface energies, it has been proposed that in the range of
p(O2) in which a metal and a ceramic are compatible, the
interfacial energies should depend on oxygen activity [28],
as depicted in Fig. 1. According to this model, a plateau
region can be present if the compatibility p(O2) range is
wide enough. In this plateau region all excesses are
expected to be zero (a stoichiometric interface). On the
other hand, the interfacial energies decrease towards the
high and low ends of the compatibility range due to
adsorption. For example, adsorption of oxygen on the
metal surface can occur at a critical p(O2) which can be
3–8 orders lower than the equilibrium p(O2) for the oxida-
tion of metal [28]. Conversely, adsorption of Al or the
other metal or partially reduced Al–O complexes could
be expected towards the lower boundary of the compatibil-
ity p(O2) range. Similarly, the energy of the grain bound-
aries that are in equilibrium with these interfaces is also
expected to depend on the oxygen activity.89].
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vary with oxygen activity. However, this relationship will
depend on the controlling mechanism. In the case of
metal–ceramic interfaces, if transport is controlled by vol-
ume diﬀusion through the metal as has been previously
proposed for several systems [20,21,23], the key parameter
is the volume diﬀusivity (xDv, where x is the solubility and
Dv the volume diﬀusion coeﬃcient of the controlling spe-
cies). In a metal–ceramic system the solubility will vary
continuously with oxygen activity and as a result a contin-
uous variation of the transport rate as the p(O2) changes is
expected. In addition, it is also possible that the controlling
species will change as the solubility changes. In the case of
transport controlled by interfacial diﬀusion we could
expect a “plateau” where the transport rates do not depend
on the oxygen activity. However, at the high and low p(O2)
ends of the compatibility range adsorption changes the
interfacial structure and so may change the interfacial
diﬀusion.
Extensive studies have been done on grain boundary
grooving of ceramic surfaces including alumina, zirconia
and ceria [7–15,17,23,24,29,30]. Some experimental work
has been performed on boundary grooving and the decay
of scratches or lithographic patterns at metal–ceramic
interfaces to estimate the interfacial energies and control-
ling transport mechanisms. These included the analysis of
Ni– or Cu–UO2 interfaces [18,19] as well as Al2O3 or
ZrO2 with a number of metals including Ni, Cu, Au, Co,
Sn or Al, Pt or Ni–Al alloys [9,10,20–24,31]. However,
the number of studies on the inﬂuence of oxygen activity
on the interfacial energies and kinetics for metal–oxide sys-
tems is more limited [28,32–35]. In particular, the low p(O2)
region is technically very important in applications such as
joining of ceramics, fabrication of composites, thermal bar-
rier coatings, solid oxide fuel cell anodes, etc. However, due
to experimental diﬃculties, little data exists on the varia-
tion of surface/interfacial energies and interface transport
at very low oxygen activities. Levi et al. [36], Merlin et al.
[37] and Gauﬃer et al. [38] reported from wetting experi-
ments carried out in high vacuum or reducing atmospheres
that the contact angle of Ni(Al) alloys on Al2O3 decreased
with increasing Al content in Ni, which was in part attrib-
uted to a decrease in the interfacial energy due to the for-
mation of an Al-rich interface. Previous work has
indicated a decreased Al2O3 surface energy and metal–
Al2O3 interfacial energy and enhanced transport at the
Al2O3 surface at very low p(O2) [23,24,39].
In the presence of Al2O3 the oxygen activity in the metal
in equilibrium with the oxide should decrease as the alumi-
num content increases (Eq. (5)). However, it is very diﬃcult
to relate oxygen partial pressure to aluminum content as
the solutions are not ideal. The goal of the current work
is to systematically investigate the variation of interfacial
energies and atomic transport mechanisms at metal–oxide
interfaces at very low oxygen activities close to the low
p(O2) limit of the compatibility range (Fig. 1). In order to
do this, we use sessile drop experiments to create interfacesbetween Ni–Al alloys and pure polycrystalline alumina
under controlled conditions such that the aluminum con-
tent of the alloy determines the oxygen activity in the sys-
tem. Evolution of the grain boundary grooves was
analyzed by scanning electron microscopy (SEM), atomic
force microscopy (AFM) and focused ion beam (FIB) mill-
ing. Measurements of the groove angles were used to calcu-
late the corresponding interfacial and grain boundary
energies. The transport rate at the metal–Al2O3 interface
was determined from the time evolution of the groove
width. In parallel, high-resolution structural and chemical
analysis of selected grain boundaries was performed using
advanced transmission electron microscopy (TEM). This
approach allows us to systematically evaluate the eﬀect of
p(O2) and also to discuss the advantages and limitations
of the diﬀerent characterization approaches.
2. Experimental
2.1. Materials
High-purity Al (99.999%) and Ni (99.995%) were pur-
chased from Alfa Aesar. Alumina substrates were prepared
from pure Al2O3 powder (99.99%, Baikowski, France),
which is speciﬁed by the supplier to contain 10 ppm Fe,
15 ppm Na, 20 ppm Si, 5 ppm Ca and 20 ppm K. The pow-
ders were subjected to isostatic pressing at 200 MPa, and the
resulting blocks were embedded in the same pure Al2O3
powder and sintered in vacuum (103 Pa) at 2073 K for
2 h. Substrates of 8  8  2 mm3 were cut from the sin-
tered block, followed by mechanical polishing which termi-
nated with a 1 lmdiamond suspension. The grain size of the
sintered samples ranged between 10 and 30 lm.
2.2. Wetting
Small pieces (0.03–0.2 g) of pure Al and Ni as well as
Al–Ni alloy samples with 25, 61, 75 at.% Al were used
for the wetting experiments. The alloy compositions were
obtained by melting Al and Ni pieces together with the cor-
responding Ni/Al weight ratios. Metal pieces were placed
in small closed alumina crucibles (0.6 ml capacity) and
the wetting was carried out in a vacuum furnace with a
W heating element (Thermal Technology LLC, USA) at
a vacuum of 103 Pa and a temperature of 1773 K for
various times between 15 and 120 min. Heating rates were
40 K min1 and the furnace was shut down after the
required wetting time.
In our experiments, the cover of the crucible has a curved
design to ensure a very tight closure. The weight of the sam-
ples before and after a wetting experiment was measured
and the weight loss is negligible, indicating that the crucible
was well closed. In addition, the size of the crucible was
comparable with that of the metal pieces. As a result, it is
expected that, under these experimental conditions, the oxy-
gen partial pressure p(O2) inside the crucible would be
determined by the Al content of the alloy according to
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whole composition is not available in the literature, so a
general increase of aAl with XAl is assumed. As a result,
an increase in the Al content in the metal is correlated with
a decreasing p(O2) in the system. For the pure Ni–Al2O3
system, interfaces are expected to be stoichiometric. How-
ever, due to the relatively narrow coexistence range a pla-
teau region of interfacial energies may not even exist for
Ni–Al2O3 (Fig. 1). For dilute Al solid solutions in Ni, the
activity coeﬃcient of Al was estimated to be between 103
and 104 for Al contents between 1 and 15 at.% Al and tem-
peratures between 980 and 1650 K, and the coeﬃcient
increases with temperature exponentially ([40] and refer-
ences therein). Therefore aAl is expected to be J 105 at
1773 K for small additions of Al. Taking into account that
the equilibrium constant for the oxidation of aluminum
ð4
3
AlþO2 $ 23 Al2O3Þ is of the order of 1022 at 1773 K
[41], the equilibrium p(O2) would reduce to [10
15 atm
by adding 1–10 at.% Al into Ni. The lowest p(O2) is
achieved in the pure Al–Al2O3 system with aAl = 1, and
would be 1022 atm at this temperature, as determined
by the phase boundary in the Al–Al2O3 system [41]. Overall,
the above calculation suggests that under our experimental
conditions the system is expected to be in the low p(O2)
region of Fig. 1 (except in the case of pure Ni on Al2O3).
2.3. Characterization
After the wetting tests, the metal drops formed on the
alumina substrates were removed by chemical etching using
aqua regia. The sample surface was coated with a thin con-
ductive Cr or Au layer and the morphology of the area
under and outside the drop was investigated by SEM.
The width of the grain boundary groove was measured
by optical interferometry or AFM in contact mode, and
50–100 grain boundaries were measured for each sample.
A FIB-SEM instrument (Zeiss Auriga FIB-SEM cross-
beam workstation) was used to measure the dihedral angles
at the grain boundary groove roots (Fig. 2). This was con-
ducted by ﬁrst depositing a Pt layer of 0.5 lm across the
selected grain boundary groove in order to protect the
surface from subsequent ion milling. Then, the cross-sec-
tion of the groove was revealed by ion beam milling andFig. 2. (a) Schematic of the geometry for FIB milling and SEM imaging of
grain boundary grooves. (b) A typical cross-sectional SEM image of the
groove, where the dihedral angle can be measured.imaged by SEM, where image distortion due to the known
tilt of the cross-section surface with respect to the electron
beam was corrected. Finally, the dihedral angle was mea-
sured directly from the tilt-corrected SEM micrographs.
Only grain boundaries that were aligned perpendicular to
the alumina surface were selected, and the cross-sections
were always made in the middle of the selected grain
boundaries (away from triple junctions). Around 10–20
grain boundaries were measured for each sample.
The structures and chemistries of the grain boundaries
were characterized by TEM. Cross-sectional TEM foils con-
taining the grain boundary grooves were prepared by FIB
milling using a Helios NanoLab 600 instrument (2–
30 keV Ga+ incident beam energy with currents of 16 pA–
21nA). To reduce the damage caused by the high-energy
Ga+ beam and improve the quality of the specimens for sub-
sequent TEM analysis, the specimens were polished at the
last stage either with 2 keV Ga+ in FIB or 0.3 eV Ar+ using
a IV8 Gentle Mill from Technoorg Linda, Hungary. TEM
work was carried out on a FEI Titan 80–300 scanning trans-
mission electron microscope operated at 300 kV, equipped
with a monochromator, a Cs aberration image corrector
and Gatan Tridiem 866 imaging ﬁlter. This microscope
has a coincident point-to-point resolution and information
limit of 0.07 nm, and a focal spread of 3 nm (at 300 kV).
Focal series micrographs of the grain boundaries were
acquired at diﬀerent objective lens focus values (using a
spherical aberration coeﬃcient Cs  4 lm) and exit-wave
reconstruction was performed using TrueImage software
(FEI). Scanning transmission electron microscopy (STEM)
high-angle annular dark-ﬁeld (HAADF) micrographs were
acquired with a collection semi-angle >101 mrad. Energy
dispersive X-ray spectroscopy (EDS) and electron energy
loss spectroscopy (EELS) were performed in STEM mode,
and the incident angle a and collection angle b for EELS
acquisitions were10 and11 mrad, respectively. The spa-
tial and energy resolutions of the microscope under the
experimental conditions were 0.5 nm and 2 eV (deﬁned
as the full width at half-maximum of the zero-loss peak
(ZLP)), respectively. In order to optimize the detection limit
in EDS, continuous acquisitions were conducted for up to
60 min by scanning the electron beam over a rectangular
region (80–350 nm long and 7–30 nm wide) on the grain
boundary (Fig. 8a). Since a live image of the scanned area
can be seen during the acquisition, sample drift was moni-
tored and corrected by manual adjustment of the box posi-
tion. The length of the box that was parallel to the grain
boundary is much longer than the width, so that the signal
from the boundary was maximized.
3. Results
3.1. Measurement of dihedral angles and grain boundary
grooving kinetics
Fig. 3 shows typical SEM micrographs of the surfaces of
the Al2O3 substrates after a wetting experiment of 30 min.
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and the metal–vapor interface (the ceramic-free surface,
i.e. the area outside the drop) become more faceted when
the Al content increases. Faceting is much more enhanced
for the alumina-free surface.
The results from the measurement of dihedral angles at
the metal–ceramic interface, Ømc, and the alumina-free sur-
face, Øc, obtained using the FIB-SEM method described
above are summarized in Table 1 and Fig. 4. The diﬀerence
between the minimum and the maximum values of each Ø
measurement is in the range of 32–48, similar to those
previously reported for the alumina-free surface [8,11].
For grooves at the metal–ceramic interface, the measured
angle is largest for pure Ni, shows a signiﬁcant decrease
for NiAl3, and then remains more or less constant with a
further increase of Al content of the alloy. For grooves
at the ceramic-free surface, the angle decreases slightly
from pure Ni to pure Al with increasing Al content.
The typical topography of the metal–Al2O3 interface
measured by optical interferometry and AFM is shown in
Fig. 5. For all the samples, the groove proﬁles generally
have bumps at each side, corresponding to growth con-
trolled by a diﬀusion mechanism. The evolution of the
average groove-width at the metal–ceramic interface with
time is presented in Fig. 6. Due to the severe faceting at
the Al2O3-free surface, in most cases it is diﬃcult to obtain
reasonably good boundary proﬁles to measure the groove
width, and therefore the same analysis was not carried
out for the Al2O3-free surface.
3.2. TEM characterization of Al2O3 grain boundaries
As will be shown in the discussion section, the grain
boundary energy seems to depend on the aluminum con-
tent of the alloy (the oxygen activity). Therefore the
Al2O3 grain boundaries in equilibrium with the metal–cera-
mic interfaces were extensively characterized to investigate
any possible structural and chemical change.Fig. 3. Morphology of the interfaces between alumina and diﬀerent Ni–Al met
Ni39Al61, (d) NiAl3 and (e) Al, and the morphology of the interfaces between a
systems (f)–(j). The scale bar is identical for all micrographs. Large facets areStructural disorder of a 1 nm thick grain boundary
ﬁlm was observed for Al2O3 wetted by Ni3Al (noted as
sample Al2O3–Ni3Al, Fig. 7a). On the other hand, no grain
boundary intergranular ﬁlms were observed for Al2O3 wet-
ted by NiAl3 (noted as sample Al2O3–Ni3Al) and the
boundaries appear to be sharp and clean, as shown in the
phase of the reconstructed exit wave (Fig. 7b).
While Ni might be expected to segregate to the grain
boundary, as has been proposed for the oxide surface
[28], no Ni peak was detected in the EDS spectra from
the grain boundary for both samples (Fig. 8b). Further-
more, identical EDS acquisition for the same time using
the same scanning conditions was also carried out in the
grain interior in the immediate vicinity of the grain bound-
ary. By employing the spatial diﬀerence method [42], the
chemical diﬀerence between the grain boundary and the
grain interior was determined, and no excess of Ni at the
grain boundary was found. The same results were also con-
ﬁrmed by EELS line-scans across the grain boundary.
The lack of detection of Ni at the grain boundaries nec-
essarily must be accompanied by an experimentally deter-
mined detection limit. Using the criteria that a peak in a
spectrum can be considered statistically real with a 99%
conﬁdence when:
I  Ib  3
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
I þ Ib
p
; ð6Þ
where I is the peak intensity and Ib is the background inten-
sity under the peak, the detection limit Cmin can be formu-
lated as suggested in Ref. [43]:
Cmin ¼ qksm AmAs
V
A
3
ﬃﬃﬃﬃﬃﬃﬃ
2Ibs
q
Im
; ð7Þ
where q is the density of the matrix atom in atoms nm–3,
and ksm is the k factor for quantifying the concentration
ratio between the matrix element m and the segregant s
from the EDS peak intensity ratio. Am and As are the
atomic masses of the matrix element and segregantal alloys (the alumina surface under the metal drop): (a) Ni, (b) Ni3Al, (c)
lumina and vapor (the alumina free surface) in the corresponding wetting
clearly visible in the most reducing conditions.
Table 1
Measured groove angles at the ceramic–metal interface and at the alumina free interface (outside from the metal drop).
Ømc Øc
Al at.% (metal/alloy) Mean (deg) rm (deg) Range of Ømc (deg) Mean (deg) rm (deg) Range of Øc (deg)
0 (Ni) 128 ±2.5 115–147 113 ±5 83–130
0.25 (Ni3Al) 101 ±3.1 83–126 112 ±1.5 110–120
0.61 (Ni39Al61) 92 ±2.2 85–102 111 ±2.2 97–124
0.75 (NiAl3) 93 ±2.4 78–102 106 ±3.8 93–118
1 (Al) 92 ±3.5 81–105 107 ±5.1 90–138
Ø
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Fig. 4. Change of dihedral angles of the grain boundary grooves as a
function of Al content in the metal wetting the alumina. The error bar in
the ﬁgure corresponds to the standard deviation of mean, rm ¼ r=
ﬃﬃﬃ
n
p
,
where r is the standard deviation of the measured angles and n is the
number of measurements.
Fig. 5. Typical topography of the metal–ceramic interface measured by optic
boundary groove extracted from the topography map.
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elemental peak for the segregant, and Im is the intensity in
the elemental peak for the matrix. V/A is a geometric fac-
tor, given by the ratio of the interaction volume to the area
of grain boundary inside the interaction volume. In the cur-
rent study that used a raster scan over a rectangular area,
V/A is the width of the scan normal to the grain boundary
(beam broadening was neglected). The detection limit for
the segregant (Ni) was determined using the Al peak as
the matrix element, and the k factor kNi–Al was determined
experimentally using an Al3Ni sample as the standard. A
needle-shaped TEM specimen was prepared as in Ref.
[44] so that the k factor for diﬀerent sample thicknesses
could be obtained. The thickness of the Al2O3–Ni3Al or
Al2O3–NiAl3 TEM samples was estimated by EELS
according to Ref. [45] and a corresponding k factor at thatal interferometry (a) and AFM (b) together with the proﬁles of the grain
0 20 40 60 80 100 120
0
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Ni  Ni3Al
 Ni2Al3  NiAl3
Al
W
id
th
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m
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Fig. 6. Time evolution of the average grain boundary width at the metal–
alumina surface. Fitting to t1/3 corresponding to a volume diﬀusion-
controlled grooving is shown as the solid lines. The initial groove width,
w0, is set to be zero at time zero in the ﬁtting.
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tion limit for Ni in our experimental conditions is
0.2 atoms nm–2 for the Al2O3–NiAl3 sample and
1.4 atoms nm–2 for the Al2O3–Ni3Al sample (due to diﬀer-
ent acquisition conditions used during the experiments).
Therefore, if there was any Ni segregated at the grain
boundary, it would be below this detection limit.
On the other hand, Ca segregation was found by EDS at
the grain boundaries for both samples (Fig. 9). From the
EDS spectra, the amount of Ca, HCa, at the grain bound-
ary and in the grain interior can be calculated as [43]:
HCa ¼ qkCa–Al AAlACa
V
A
ICa
IAl
; ð8Þ
where all the parameters are deﬁned as above. The excess
of Ca, CCa, at the grain boundary was obtained by sub-
tracting the amount of Ca in the bulk from that at the grain
boundary, which was found to be 2.8 atoms nm–2 in the
Al2O3–Ni3Al sample (with a detection limit of
1.0 atoms nm–2) and 0.4 atoms nm–2 in the Al2O3–NiAl3
sample (with a detection limit of 0.2 atoms nm–2).Fig. 7. Typical HRTEM micrographs of the Al2O3 grain boundary in sample (
of the boundary to better show the disordered grain boundary structure, (b) iFurthermore, variation of the relative Al and O contents
across the grain boundary were investigated by EELS, as
this technique oﬀers a higher accuracy than EDS for quan-
tifying light elements. EELS line-scans, as shown in
Fig. 10a, containing Al-K and O-K edges were acquired
across the grain boundaries. The relative atomic composi-
tions of Al (CAl) and O (CO) were quantiﬁed based on
[46,47]:
CO
CAl
 IO-Kðb;DÞ
IAl-Lðb;DÞ :
rAl-Lðb;DÞ
rO-Kðb;DÞ ¼
IO-Kðb;DÞ
IAl-Lðb;DÞ  kO–Al; ð9Þ
where Ii–j (b, D) is the jth shell core loss intensity of atom i
integrated over an energy region of width D starting at the
edge onset, and ri–j (b, D) is the partial inelastic scattering
cross-section for the jth shell of atom i integrated over a
collection angle b and an energy range D beyond the
threshold. The k factor kO–Al was calibrated using the alu-
mina grain interior as an internal standard and assuming
that it is stoichiometric with CAl/CO = 2/3. Typical compo-
sition line proﬁles across the grain boundaries are shown in
Fig. 10b and c for the Al2O3–Ni3Al and Al2O3–NiAl3 sam-
ples, respectively. The results revealed an excess of 4 at.%
Al at the grain boundary in the Al2O3–NiAl3 sample. An
Al excess is not evident in the Al2O3–Ni3Al sample, which
shows a higher level of Ca segregation at the grain bound-
ary than the Al2O3–NiAl3 sample.
The grain boundaries of Al2O3 wetted by pure Ni were
also analyzed for comparison. Fig. 11 shows a typical
example where no structural disorder was observed at the
boundary and an oxygen excess of 6 at.% was measured
by EELS. No Ca segregation was found for this sample
(at a detection limit of 0.2 atoms nm–2).
4. Discussion
4.1. Measurement of dihedral angles
In this study, the dihedral angle of the grain boundary
groove was measured directly from the cross-sectional
images of the grooves revealed by FIB milling. Thea) Al2O3–Ni3Al and (b) Al2O3–NiAl3. The inset in (a) is a magniﬁed region
s a focal series exit-wave reconstructed phase image.
Grain 1 Grain 2 
Ni Kα1
Ni Kβ1
Ti 
Al
O 
(a) 
(b) 
Fig. 8. (a) STEM HAADF micrograph showing a grain boundary which was characterized by EDS from the rectangular regions indicated. (b) An
example of EDS spectrum from the grain boundary area, which shows the absence of Ni within the experimental detection limit.
Fig. 9. EDS spectra acquired from the grain boundary and from the grain
interior for (a) the Al2O3–AlNi3 sample and (b) the Al2O3–Al3Ni sample.
Both data sets clearly show the presence of Ca at the grain boundaries.
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be estimated in the same way as described by Handwerker
et al. [7]:
DØ ¼ 1:152 b sin Ø
t
2
  
RL
W
 1=2
; ð10Þwhere Øm is the measured angle, Øt the true angle, RL the
resolution of the SEM image, W the groove width and
b ¼ ðpØmÞ=2. Within the range of groove angle and
width measured in this study (93 	 Øm 	 128 and
1.9 lm 6W 6 17 lm), the estimated systematic error from
Eq. (10) is very small, between 0.3 and 1.1, as a result of a
high spatial resolution of 1 nm achieved by SEM. This
error is comparable with what can be obtained by AFM
if only the lateral resolution is considered. However, in
the case of AFM, measurement of the groove angle is
mainly limited by the vertical resolution, which can be sig-
niﬁcantly degraded by the ﬁnite size of the tip that impedes
penetration to the root, especially for narrow grooves. As a
result, the angle measured is from somewhere above the
root, causing Øm to be overestimated. In this case, the true
angle can only be estimated by geometrical calculations
assuming that the tip is perfectly round and that the mea-
sured grain boundary groove can be approximated by a
simple symmetrical shape (such as the one described by
Mullins [25–27]) [23,48]. However, these assumptions are
not always valid. First of all, bending or a non-ideal shape
of the tip, and feedback artifacts in the AFM controller,
can result in distorted groove proﬁles, making the correc-
tion less accurate. Furthermore, the actual groove proﬁle
can be more complicated than predicted by the classic Mul-
lins model [25,26] due to the presence of facets along the
groove (Fig. 12). In addition, wearing of the silicon tips
can increase their radius to values close to a micron [23].
If a radius of 0.6 lm is considered, then as a result of fac-
eting the angle measured by AFM (ØmA ) can be either larger
or smaller than the angle at the groove root measured
directly from the SEM micrograph (Øms ), as illustrated in
Fig. 12.
The FIB-SEM method employed in this work oﬀers an
advantage in that the angle can be measured directly at
Fig. 11. (a) A typical HRTEM image of a grain boundary observed in the Al2O
boundary in (a) obtained by EELS. The EELS line-scan suggests an excess of
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Fig. 10. (a) An example STEM micrograph of a grain boundary in the
Al2O3–NiAl3 sample from which EELS line-scans were acquired
(perpendicular to the boundary plane) to quantify the relative atomic
composition of O and Al. Two typical line proﬁles are shown in (b) for
the Al2O3–Ni3Al sample and (c) the Al2O3–NiAl3 sample. The scan in
(c) suggests Al excess at the grain boundary under the more reducing
conditions.
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for tilt distortion), so the systematic error can be minimized
to a value limited by the spatial resolution. The average
groove angles measured using this method are generally
smaller than what was reported using AFM without geo-
metrical corrections, or other techniques with lower resolu-
tion [8,11,23], implying that the overestimation in
measuring the angle is reduced as a result of improved res-
olution at the groove root. However, it is important to note
that insuﬃcient resolution could also lead to an underesti-
mation in the angle if a facet is present at the root and hid-
den within the resolution limit (Fig. 12). On the other hand,
in the absence of faceting, the measured values should still
represent the upper limit of the distribution of Ø, as the
measured grain boundary is not necessarily perpendicular
to the substrate surface. Overall, the dominant error in
our measurement comes mainly from the statistical error,
which is represented by rm (Table 1 and Fig. 4). The error
is therefore reduced by increasing the number of measure-
ments. In this aspect, the current method is less advanta-
geous since it is generally more time consuming than
other techniques.
4.2. Evolution of interfacial energies
Various degrees of faceting were observed at both the
Al2O3 surface and the metal–Al2O3 interface. Similar
microfaceting was previously reported for sapphire {11–
20} and {10–10} surfaces upon annealing [49]. Although
some past studies of grain boundary grooving assumed
that the surface energy of alumina is independent of orien-
tation for all practical purposes [50], anisotropy in the alu-
mina surface energy does exist and the c(0001), r(1012),
s(10–11), a(11–20) and p(11–23) planes were found to be
the stable surfaces [51,52]. The grain boundary energy of
alumina was also found to be dependent on the grain mis-
orientation [53]. For a same type of tilt grain boundary, cgb
was shown to increase with misorientation angle for small
misorientations [14,54], and even for grain boundaries with
a same degree of geometrical mismatch, the grain3 sample wetted by Ni. (b) Variation of Al and O contents across the grain
oxygen at the grain boundary.
Fig. 12. SEM micrographs of two grooves that show complicated proﬁles
due to the presence of facets at the root of the groove. Although an ideal
AFM tip with a radius of 20 nm should penetrate to the groove root,
substantial wearing of the tip leading to a much larger radius is common
during the measurement. As a result, the root angle measured by AFM
can be either (a) larger or (b) smaller than the angle measured by the more
accurate FIB-SEM technique employed in this work. The circle represents
a worn AFM tip with a diameter of 0.6 lm [23].
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Fig. 13. Variation in the ratio of interfacial energies (cmc/cgb and (cc/cgb)
as a function of the Al content in the alloy.
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the types of the grain boundary plane [29].
The faceting observed at both the metal–ceramic inter-
face and the ceramic-free surface in the current work is a
result of anisotropy in the interfacial energies and/or the
grain boundary energy, which appears to be more signiﬁ-
cant at lower p(O2) (higher Al content samples in this
study), in agreement with previous observations [23,24].
This might be related to the change of the atomic structure
of the interface–grain boundary from O terminated to Al
terminated at low p(O2) and/or the adsorption of Ni spe-
cies at the grain boundaries and free surfaces of alumina.
The (0001) alumina plane has been shown to become Al
rich in ultra-high vacuum (UHV) [55,56], and our TEM
characterization of the grain boundary at low p(O2) also
revealed an excess of Al at the grain boundary (see the fol-
lowing Section 4.3). Nevertheless the measured variation of
interfacial energies of alumina with orientation is <15%
[50,51] and in the following analysis we will report average
values deduced from our measurements.
The ratio of ceramic–metal or ceramic–vapor interfacial
energy to grain boundary energy, cmc/cgb and cc/cgb, can be
calculated according to Eqs. (2) and (3), and the results as a
function of Al content in the liquid are shown in Fig. 13. In
both cases the ratio seems to decrease with increasing Al
content (decreasing oxygen activity) but it appears that
for the ceramic–vapor interface this is relatively small
and almost linear, whereas for the ceramic–metal interface
a plateau is reached. The curves cross at 10 at.% Al,
which corresponds to an oxygen activity for which cc = cmcand the contact angle should be 90, in agreement with the
trend of reported values for Ni–Al alloys on alumina
(Fig. 14).
Considering that cgb can also depend on p(O2), an
attempt to calculate cmc, cc and cgb from Eqs. (2)–(4) was
made using the literature data on the contact angle H
and the metal surface energy cm. The surface energies of
Ni and Al (including pure Al and Al saturated with oxy-
gen) have been well studied [36,57–59]. Reported surface
energies of liquid Ni–Al alloys are summarized in
Fig. 15, where the values for Al are those for Al saturated
with oxygen, which is the condition in our experiment (Al
in equilibrium with Al2O3). The fact that a good linear ﬁt
can be obtained suggests that the reported surface energies
of alloys can also be considered to apply for alloys satu-
rated with oxygen, a condition similar to that established
in this work. This can be expected as the equilibrium oxy-
gen partial pressures for the oxidation of the alloys are very
low.
A small variation in the contact angle will have a signif-
icant eﬀect on the calculated energies. Therefore, possible
lower and upper limits of the interfacial energies (including
the grain boundary energy) were calculated by choosing the
extreme contact angle values available in the literature for
temperatures between 1723 and 1823 K. The results for the
Ni–Al2O3 and Al–Al2O3 systems are summarized in
Table 2. For Ni–Al2O3, a stoichiometric interface–sur-
face–grain boundary is expected. Using H = 105 [60]
(the smallest number reported in literature at 1773 K)
and cm = 1.78 J m
2, the calculated lower bound values
for cmc, cc and cgb are 2.5, 2.04 and 2.19 J m
–2, respectively.
The calculated value of cmc agrees with ab initio calcula-
tions that predict that the Ni–Al2O3 interfacial energy
ranges between 2.2 and 3.1 J m2 (0 K) for stoichiometric
interfaces with diﬀerent structures [61]. When compared
to other experimental work, the value is higher than the
1.73 J m–2 at 1773 K reported in Ref. [23] and the
2.01 J m–2 at the same temperature measured by Nikolop-
oulos et al. [62]. The diﬀerence may be explained by the
improved accuracy in the measurement of dihedral angles.
It is also higher than the 1.86 J m–2 measured by Kingery
[9], although this value was taken at 2123 K and the higher
Fig. 14. Reported contact angles of Ni, Al or Ni–Al alloys on alumina
between 1723 and 1823 K [36–38,62,68,89,90–93]. The blue line is an
empirical ﬁt of the contact angles that will give the lower bound in
calculating cmc, cc and cgb from experimental dihedral angles using Eqs.
(1)–(3). The ﬁtting assumes a rapid decrease in the contact angle with small
additions of Al, as found in Ref. [69]. (For interpretation of the references
to colour in this ﬁgure legend, the reader is referred to the web version of
this article.)
Fig. 15. Surface energies of liquid Ni, Al and Ni–Al alloys reported in the
literature [36,57,59,89]. All the values are for 1773 K, either from direct
measurements or calculated from empirical ﬁttings. Note that the values
for Al are those for Al saturated with O, which is the condition in our
experiment (Al in equilibrium with Al2O3).
292 N. Ni et al. / Acta Materialia 64 (2014) 282–296temperature should result in lower energies. It should also
be pointed out that a value of 2.16 J m–2 has been reported
for a particular Ni (111)–Al2O3 (0001) interface at 1623 K
[63]. This value is close to our lower limit and the diﬀerence
might be a result of the anisotropy in the metal–oxide inter-
facial energies.Table 2
Calculated interfacial energies at 1773 K. Our analysis suggests that the lower
System H (deg) Ømc (deg) Øc (deg)
Ni/Al2O3 (lower limit) 105 [60] 128 115
Ni/Al2O3 (higher limit) 114 [23] 128 115
Al/Al2O3 (lower limit) 73 [68] 92 107
Al/Al2O3 (higher limit) 65 [37] 92 107Similarly, cc is close to predictions from computational
calculations using molecular dynamics method and an
ionic pair potential [64] (2.02–2.27 J m–2 for most stable
low-energy planes at 1700 K) and ﬁrst-principles calcula-
tions using an all-election full potential method [65]
(2.15 J m–2 at 0 K), while it is higher than other calcula-
tions using pseudopotential methods for the electronic
structures (1.80 J m–2 in Ref. [61], 1.89 J m–2 in Ref. [66]
and 1.95 J m–2 in Ref. [67], all at 0 K) and previous exper-
imental work: 1.21 J m–2 at 1773 K [10], 0.9 J m–2 at
2223 K [9] and 1773 K [23] and 0.9–1.0 J m–2 at 1873 K
for a number of stable low-energy alumina planes [51]. Pos-
sible explanations for these discrepancies include varying
accuracies in measuring the dihedral angles and sample
contamination. Less data is available for a comparison of
cgb, and the current result yields a higher value than previ-
ous studies which reported cgb = 1.13 J m
2 [23], 0.83 J m–2
[10] at 1773 K, 0.44 J m–2 at 2123 K [9], and 0.5 at 2073 K
for a [1100] tilt boundary at high misorientation angles
[14]. Again, the diﬀerence is probably due to the smaller
groove angles measured in this study.
For the Al–Al2O3 system, use of H = 73 [68] (the larg-
est number reported in the literature at 1773 K) and
cm = 0.66 J m
2 (for oxygen-saturated Al) [58] gives lower
bound values of cmc, cc and cgb of 1.15, 1.34 and
1.60 J m–2 respectively, similar to those reported in Ref.
[23] at 1773 K for the same contact angle and metal surface
energy. The cmc and cc are also similar to those obtained at
1173 K by Levi et al. [69] (cmc: 1.207 J m
–2; cc: 1.279 J m
–2),
and cc is slightly higher than that reported at 1773 K in
Ref. [10] (1.17 J m–2). The calculation of the upper bound
of these interfacial energies for both the Ni–Al2O3 and
Al–Al2O3 systems all yield much higher values compared
to what has been reported in the literature (Table 2). There-
fore, the current work is in favor of the reported contact
angle values that will lead to lower and consistent interfa-
cial energies (105 for Ni on Al2O3, stoichiometric inter-
face and 73 for Al).
As there is only one reported value of the contact angle
for Ni–25% Al and no data are available for Ni–61% Al
and Ni–75% Al, a consistent empirical ﬁtting using litera-
ture data that yield lower bound cmc, cc and cgb values is
attempted (Fig. 14) and used to estimate the contact angles
for the 61 and 75 at.% Al compositions. The ﬁtting also
assumes a rapid decrease in the contact angle with small
additions of Al, as found in Ref. [69]. The estimated con-
tact angles for Ni–61% Al and Ni–75% Al are 76 and
75, respectively. The surface energy of the Ni–25% Allimit values represent the interfacial energies in the system.
cm (J/m
2) cmc (J/m
2) cc (J/m
2) cgb (J/m
2)
1.76 [85] 2.47 2.02 2.17
1.76 [85] 3.46 2.74 3.03
0.66 [58] 1.15 1.34 1.60
0.74 [59] 1.86 2.18 2.59
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value for Ni–61% Al was estimated from the linear ﬁtting
of surface energies of liquids with diﬀerent Al contents
(Fig. 15). The resulting cmc, cc and cgb as a function of Al
content are shown in Fig. 16. Although the uncertainty
associated with the calculation is quite signiﬁcant, the
result suggests a similar variation for all the interfacial
energies. The energies, including the grain boundary
energy, are smaller for Al–Al2O3 compared to that for
Ni–Al2O3, in agreement with previously reported results
[23]. Compared to pure Ni, the AlNi3–Al2O3 system shows
decreased interfacial energies as the p(O2) in the system
decreases, as expected from Fig. 1. However, with further
increasing Al content, the change in the interfacial energies
is small. In the case of the metal–ceramic interface this
might be expected if we consider that in Eq. (4) CO  0
at low p(O2) and the excess of aluminum, CAl, at the inter-
face can also approach zero towards low p(O2) due to
increasing Al content in the liquid. From Eq. (4) it can
be then be expected that dc/dlnp(O2) becomes zero and
therefore c becomes constant.
4.3. Grain boundary structure and chemistry characterized
by TEM
While Ni might be expected to segregate to the grain
boundary at low p(O2), as has been proposed for the oxide
surface [28], no Ni segregation was detected under our
experimental conditions with a detection limit of 0.2 atoms
nm–2 for the Al2O3–NiAl3 sample and 1.4 atoms nm
–2 for
the Al2O3–Ni3Al sample. Ca segregation was found for
both samples, which is not so surprising as Ca is a typical
impurity in alumina ceramics and is known to segregate to
the grain boundary even for contents below 10 ppm [70,71].
Detailed EDS quantiﬁcation revealed that the excess of Ca
at the grain boundary was higher in the Al2O3–Ni3Al sam-
ple than that in the Al2O3–NiAl3 sample. Therefore, the0 20 40 60 80 100
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Fig. 16. Calculated interfacial energies and grain boundary energy (cmc, cc
and cgb) as a function of Al content. The errors were estimated through
standard error propagation from the error associated with the measured
groove angles.more disordered grain boundary seen in the Al2O3–Ni3Al
sample appears to be correlated with a higher amount of
Ca segregation. Interestingly, no Ca was found in grain
boundaries wetted by pure Ni, suggesting that segregation
can be dependent on the p(O2). In this respect, it should be
pointed out that the dependence of Ca solubility with oxy-
gen activity is not known (the solubility limit of Ca in alu-
mina in air at 1600 C is 51 ppm [72]). Overall, these results
suggest that grain boundary segregation and structure
depends on the oxygen activity.
As expected, EELS quantiﬁcation revealed an oxygen
excess for grain boundaries formed under higher p(O2)
(those in the alumina wetted by pure Ni). An excess of
Al at the grain boundary was found for grain boundaries
of the Al2O3–NiAl3 sample, which was formed under more
reducing conditions. The Al excess is not evident for the
grain boundary in the Al2O3–Ni3Al sample, which shows
a higher level of Ca segregation and a much less ordered
structure compared with the Al2O3–NiAl3 sample. An
excess of Al is expected to reduce the grain boundary
energy (Eq. (4)). However, the calculated grain boundary
energies are similar for grain boundaries with and without
Al excess (Fig. 16). It must be noted that the degree of Ca
segregation and structural ordering in the two cases are
also diﬀerent. Although it has to be acknowledged that
TEM studies are always restricted to a limited number of
grain boundaries, taken together these observations under-
line the role of structure in addition to chemistry in deter-
mining the grain boundary energy, as previously suggested
by Baram et al. [2] and Kuna et al. [73].
Comparison with expected adsorption and segregation
patterns on the ceramic surfaces in metal–ceramic systems
suggests that the possible adsorption of the corresponding
metallic species (Ni in this case) at the ceramic grain
boundaries in these systems at very low oxygen activities
(the low p(O2) regime) should not be discounted. However,
our studies have so far failed to reveal the presence of Ni in
the alumina grain boundaries even at very low oxygen
activities. These results open some questions, such as
(1) What is the role of impurities? We have observed Ca
segregation at some grain boundaries. This could be
expected but the dependence of impurity segregation
(and solubility) on oxygen activity is still an open and
relevant question, as quite often oxide ceramics are
sintered at very high temperatures in reducing
atmospheres.
(2) How do diﬀerent elements interact? For example, is
there competitive segregation between Ca and Ni or
Al?
(3) What is the best approach to quantify Al or O excess
at ceramic grain boundaries [74]?
(4) Is there a structural factor in determining the grain
boundary energy, as suggested by this and previous
work? If so, how can we experimentally evaluate
the roles of interface chemistry and structure on inter-
facial energies?
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Fig. 17. Calculated volume diﬀusivities as a function of Al content in the
alloy. The error bars corresponds to an approximate deviation as a result
of grain boundary faceting.
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Most of the grain boundary groove proﬁles investigated
in this work show humps on either side of the roots
(Fig. 5), which indicates diﬀusion-limited kinetics. This sit-
uation is similar to that for grooving at the surface of
Al2O3, for which the rates are usually attributed to surface
diﬀusion controlled by Al ions [11,13,15,23,24]. Since the
metal is in the liquid state at the temperature of the exper-
iment, and the grooving kinetics are orders of magnitude
faster than for the ceramic surface, it is assumed that mass
transport occurs mainly via volume diﬀusion through the
metal [20,21,23]. Assuming, for simpliﬁcation, that trans-
port is controlled by aluminum and oxygen ions, the rate
of groove growth dw/dt can be formulated according to
[23]:
3w2
53
dw
dt
¼ B
Al
V  BOV
3BAlV  2BOV
ð11Þ
where BAlV and B
O
V are the volume transport coeﬃcients for
Al and O, respectively, and can be expressed as:
BV ¼ xDV cmcXkT ; ð12Þ
where X is the molecular volume for Al or O, x is the molar
solubility in the metal for the diﬀusing species, and DV is
the volume diﬀusion coeﬃcient. Eq. (11) can be further
simpliﬁed by recognizing that grooving will be controlled
by the transport of the fastest species, if one of them is
much faster than the other:
3w2
53
dw
dt
¼ B
Al
V
2
ðO transport is fasterÞ ð13Þ
3w2
53
dw
dt
¼ B
O
V
3
ðAl transport is fasterÞ ð14Þ
which leads to:
W ¼ 5 BV t
2
 1=3
þ w0 ðO transport is fasterÞ ð15Þ
W ¼ 5 BV t
2
 1=3
þ w0 ðAl transport is fasterÞ ð16Þ
For transport through the liquid metal, the parameter
that controls kinetics is the volume diﬀusivity xDv. Since
the diﬀusion coeﬃcients in liquids are relatively similar for
the diﬀerent species, transport will be determined by the sol-
ubility of the controlling species (which will be the one with
lower solubility at a given condition). Therefore, it can be
expected that diﬀusion of Al would be limiting at higher
p(O2) (where the oxygen contents in the liquid are larger
and O transport is faster), whereas diﬀusion of O would be
limiting at very low p(O2) (where the oxygen solubility is
lower and Al transport is faster), due to the reciprocal rela-
tionship required between the activities (Eq. (5)).
Apart from the Ni–Al2O3 system, it is expected that the
transport is controlled by oxygen diﬀusion for all other sys-tems studied in this work due to the low p(O2). Also, the
diﬀerence between Eqs. (15) and (16) is insigniﬁcant for
the calculation. Thus, a ﬁtting (Fig. 6) assuming O volume
diﬀusion-limited transport according to Eq. (16) has been
attempted to calculate BV and xDV, the volume diﬀusivity
(Fig. 17).
It is noted that the above formulation is based on the
classical Mullins model, where full isotropy of the sur-
face–interfacial energy is assumed and therefore the grain
boundary groove has a shape with continuous gradient of
curvature [26]. Obviously, this is not the case for some of
the grain boundary grooves observed in this work, which
show singular facets as a result of interfacial energy anisot-
ropy. Some work has been devoted to formulate the inﬂu-
ence of energy anisotropy on groove growth kinetics [75–
78]. With the assumption of diﬀusional inactivity along
the singular facet surface, the calculation by Rabkin et al.
[78] suggests that the width of a faceted groove at a given
time is between 0.5 and 3 times that of the classic Mullins
groove, depending on the inclination of the facet with
respect to the original surface. In surface diﬀusion-con-
trolled growth, this implies the calculated surface diﬀusivity
can be overestimated or underestimated approximately by
one or two orders of magnitudes, respectively. For volume
diﬀusion-controlled growth, as expected in the current
study, the deviation in xDV is expected to be smaller. The
obtained xDV value for pure Al at the experimental tem-
perature 1773 K is of the order of 1011 m2 s–1. Using typ-
ical values for DV in liquid metals (of the order of 10
9–
108 m2 s–2) [79–82], the x0 in Al saturated with O would
be 103–102, which is in good agreement with the calcu-
lated oxygen solubility in Al at similar temperatures, which
are between 6.6  103 at 1800 K [83] and 4  102 at
1773 K [84]. The agreement suggests that the faceting
observed in this work does not have an enormous inﬂuence
on the calculated transport rates at the metal–ceramic
interfaces.
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is included in Fig. 15. The transport rate decreases ﬁrstly
with the addition of Al and then increases again with
increasing Al content (Fig. 17). This trend is further con-
ﬁrmed by our previous unpublished data on the Ni–Al–
Al2O3 system obtained under very similar experimental
conditions (wetting in closed crucibles at 1773 K and in
vacuum), and the minimum is around a small Al content
of 10 at.%. The observed minimum diﬀers from the max-
imum by 3 orders of magnitude. Furthermore, faceting at
the alumina–metal interface was generally observed only
for metals with an Al content above 25 at.% and the degree
of faceting does not diﬀer very much among the 60, 75 at.%
Al and pure Al systems (Fig. 4). Considering the above fac-
tors, the possible error in the calculation of diﬀusivities
caused by faceting is not expected to change the observed
trend.
Since the transport is controlled by oxygen diﬀusion in
the liquid metal, the transport rate is largely determined
by the variation of oxygen solubility. At small xAl values,
the liquid can be assumed to be an ideal solution; therefore
xO is expected to decrease with increasing xAl according to
Eq. (5). As a result, the transport rate decreases with xAl.
However, at higher xAl values, xO has been shown to
increase rapidly with xAl as a result of strong Al–O interac-
tions [37], which would lead to the enhanced transport rate
observed in this work. Therefore the current result suggests
that the transport rate at the metal–ceramic interface is ﬁrst
reduced with decreasing p(O2) but enhanced at very low
p(O2). This suggests the necessity of fully investigating
the interfacial properties in metal–oxide systems at very
low p(O2) and raises a question about how to further
improve the control of the atmosphere for such low p(O2)
values, which cannot be easily achieved using gas mixtures.
It is interesting to compare this data with the variation
of the interfacial energies (Fig. 16). The decrease of interfa-
cial energy and diﬀusivity correspond to alloys with an alu-
minum content between 10 and 25 at.% Al. The cause
could be fundamentally related to the change of xO as a
function of xAl. The increase of xO at higher xAl not only
accelerates the transport, but may also lead to a positive
excess of oxygen (which will not be 0 as usually assumed
for very low oxygen activities) that may add to the expected
decrease of aluminum excess as the concentration in the
bulk increases. As a result (Eq. (4)) the interfacial energy
can become constant and practically independent of the
aluminum content, as we have observed experimentally.5. Conclusions
A systematic investigation of the interfacial energies
(including the grain boundary energy) and the atomic
transport rates at the metal0ceramic interface was carried
out for the Ni–Al–Al2O3 system. The goal was to
understand the role of oxygen activity when the system is
close to the low p(O2) limit of the compatibility region.The metal–ceramic and metal–vapor interfaces exhibit
increased faceting at low p(O2), suggesting an increasing
anisotropy in the interfacial energies. A novel approach
for the measurement of grain boundary groove angles
was developed by imaging the grain boundary groove
directly with SEM-FIB, which enables us to reveal more
detailed groove proﬁles at the groove root and measure
the angle with a higher accuracy. Our results conﬁrms that
all the interfacial energies (metal–Al2O3, Al2O3 surface and
grain boundary energy) are smaller at reduced p(O2) than
those of stoichiometric interfaces. This appears to be
mainly due to the generation of an Al excess. However,
the energies do not decrease monotonically with decreasing
oxygen activity and appear to reach a minimum value for
Al contents of 10–25 at.%.
Even though the amount of reduction in the grain
boundary energy is small, detailed TEM investigations
revealed a segregation of Ca and a disordered structure
at the grain boundary for the sample exhibiting the lowest
grain boundary energy. An excess of Al at the grain bound-
ary was found for grain boundaries with less Ca segrega-
tion and an ordered structure. We did not observe Ni in
any of the grain boundaries analyzed in this work.
The atomic transport at the metal–Al2O3 is controlled
by volume diﬀusion through the liquid. The transport rate
was found to decrease initially with decreasing p(O2) but
rises signiﬁcantly with a further decrease in the oxygen
activity. This is due to an increase in the oxygen content
in the alloy caused by the strong Al–O interaction.
These results provide insights on the capillary evolution
of interfaces in metal–ceramic systems at very low p(O2).
The work also raises some important questions regarding
the inﬂuence of low oxygen activity on the structure of
ceramic grain boundaries. These conditions are relevant
for a wide range of technological applications where inter-
faces often control structural evolution and determine
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